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ABSTRACT

This is a continuation of a heat-transfer investigation
performed as In-House Laboratory Independent Research to de-
termine the effect of interfvo thermal-resistance on multi-
layer gun barrel radial temperature distributions. In pre-
vious Technical Reports 69-121 and 70-155, published under
the same title, the task of establishing the feasibility of
induced interface-resistance was discussed.

During this reporting period, heat-transfer analysis and
experimental correlation were continued. An experimental
M60 gun barrel was fabricated and tested. The reduced outside
barrel temperatures, of this firing test, demonstrated the
effect of interface thermal resistance. Also, a significant
effort was directed toward establishing fabrication techniques
for a full-length thermal interface barrel. As a result of
these efforts, a patent application has been submitted by
the Research Directorate, Weapons Laboratory at Rock Island
to cover this concept.
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OBJECTIVE

The objective of this analysis was to analytically and
experimentally determine the effect of interface thermal
resistance on multilayer gun barrel temperature distri-
butions. Specifically, analysis was to be conducted to
establish the design criteria for an experimental test
barrel. Then, based on experimental correlation and ad-
ditional analysis, design requirements were to be deter-
mined for a full-length modified gun barrel with consider-
ation of the interfacial material requirements and forming
processes.

INTRODUCTION

Consistent with an overall effort to increase weapon-
firepower, this heat transfer analysis performed by the
Research Directorate, Weapons Laboratory at Rock Island has
been directed toward reducing gun barrel heat-transfer.
Previous investigations under this subject, have been di-
rected toward the preliminary task of analytically and ex-
perimentally substantiating the influence of induced-inter-
face thermal resistance, and of measuring interface thermal
resistance for various interfacial conditions.

The current investigation was coupled with previous
analysis to establish design criteria for a full-length
composite gun barrel with induced interface resistance. An
M60, 7.62mm gun barrel was designed, fabricated and both
analytically and experimentally evaluated.

A comprehensive study was undertaken to evaluate various
fabrication techniques for gun barrels with full-length
thermal-resistance interfaces. As part of this study, a ma-
terial survey was performed to establish the most promising
interface materials. Parameters considered in this survey
included thermal conductivity, material stress properties,
and thermal coefficient of expansion. The various barrel-
forming techniques evaluated included co-extrusion, swaging,
and shrink-fit. Guidelines were established for future
fabrication of full-length modified gun barrels.

Acknowledgment is extended to the Metallic Materials
Application Team and to the Process Technology Application
Team, both of the Research Directorate, Weapons Laboratory
at Rock Island for their contributions and guidance in the
establishment of multilayer gun-barrel-forming criteria and
in the application of Interface material coatings.



ANALYTICAL AND EXPERIMENTAL INVESTIGATION

Heat Transfer Analysis

As part of the effort to establish design criteria for
a full-length thermal interface gun barrel, analysis was
performed on an M60 gun barrel to calculate temperature
distribution as a function of induced interface thermal re-
sistance. A gun barrel with a configuration, as shown in
Figure 1, was analyzed to predict radial temperature dis-
tributions in the modified section of the gun barrel.

Experimental time-temperature history data for a stan-
dard M60 gun barrel was used to calculate effective pro-
pellant gas convection coefficients and gas temperatures.
For the condition in which all heat is dissipated in the
gun barrel or in which heat input by convection is equal to
the change in barrel internal energy, the governing expres-
sion is:

h ACTg-T] - pc ArA dT

where hg a propellant gas convection coefficient

Tg propellant gas temperature

A a bore surface area

Am a mean surface area

T a gun barrel temperature

Ar a wall thickness

p ' gun barrel material density

Cp a specific heat of gun barrel material

dT * rate of change of gun barrel temperatures
with respect to time.
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As the outside barrel temperature increases, dissipation to
the surrounding environment must be accounted for in the
equation. Heat transfer by radiation and convection is ad-
ded to tL.o equation and the solution for h and T follows

by the same procedure. A typical computer program, based
on the equation given above, for the calculation of effec-
tive propellant gas convect;on coefficients and temperatures
is given in Appendix A.

Knowing effective propellant gas temperatures and con-
vection coefficients, radial gun barrel temperatures (as a
function of rounds fired) can be calculated for composite
gun barrels with i ',uced interface resistance. A computer
program in which a Crank-Nicolson algorithm is used was
employed for this purpose. A copy of this program is given
in Appendix B, Results of these calculations are shown in
Figure 4.

Based on the induced interface thermal resistance re-
quirements determined by this analysis, an M60 gun barrel
was modified by the insertion of a Zirconium Oxide (ZrO2 )
coated section as shown in Figure 1. The various fabri-
cation and assembly drdwings for this modified gun barrel
are shown in Appendix C. Detailed steps involved in the
fabrication of the insert section and in the application
of the ZrO2 coating are shown in Figure 2, This wes the
first attempt to shrink-fit an outer sleeve over a ZrO 2
coating. Results of this effort were applied in the fabri-
cation inv stigation of a full-length modified gun barrel
discussed later in this report,

Experimental Results

The modified M60 gun barrel of Figure 1, along with a
standard barrel, was instrumented with thermocouples for a
live-firing experiment to compare barrel temperatures and
as an experimental correlation of the theoretical analysis,
This experiment consisted of continuous automatic fire of
400 rounds at a firing rate of 600 rounds per minute.

Results of this firing experiment are presented in
Figures 3 and 4. External gun barrel temperatures are plotted
for two axial locations, 11.2 and 12.2 inches from the breech,
both located within the modified section of the gun barrel.
Both standard and modified measured gun barrel temperatures
at the 12.2-inch lortion are given in Figure 3; whereas,
both standard and modified measured gun barrel temperatures
at the 11.2 location, along with calculated temperatures
for this location are compared in Figure 4,

4
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Barrel Segment as Received Bond Caat Applied Nickel Aluminide

Surface Preparation 44 Composite #450

Threads/Inch OD =.512" A Metco, Inc. Product OD =.528"

Zirconium Oxide Applied Over Coated Liner Ground to Fit C140299

Bond Coat OD = .588"
OD = .612"
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The modified section operated at approximately 100*F
cooler after 400 rounds than the same location on a stan-
dard gun barrel. Also, calculated temperatures, shown in
Figure 4, are lower than those measured. This can be
accounted for because the axial heat conduction into the
specimen was neglected in the calculations. A signifi-
cant amount of heat is transferred from the higher tempera-
ture, unmodified section into the modified section. Hence,
a full-length modified gun barrel would operate at lower
temperatures than measured, that is, at temperatures closer
to those of the analytical calculations.

INVESTIGATION OF FABRICATION TECHNIQUES FOR MULTILAYER GUN
BARRELS WITH INDUCED INTERFACE THERMAL RESISTANCE

The investigation of fabrication techniques for multi-
layer gun barrels with induced thermal resistance was sub-
divided into two interrelated subtasks - material selection
and forming processes. Material properties will be par-
tially altered by the forming process; furthermore, because
of the limited number of low thermal conductivity materials,
the number of forming processes available is limited by
material properties.

Interface Material Selection

Various ceramics and other materials have been investi-
gated for application in the fabrication of a full-length
thermal interface gun barrel. High-temperature resistant
materials with the low-thermal conductivity (less than
1 BTU/hr ft OF) required for a thermal barrier typically
exhibit low tensile and shock strength properties. Nor-
mally, plastic deformation is absent prior to mechanical
failure. With these property limitations in mind, two de-
sign approaches have been taken to obtain a mechanically
stable barrier. First, the material can be a load-carrying
member, solid configuration, capable of withstanding hoop
stresses, thermal stresses, and axial shear stresses present
during normal firing. Secondly, the material can be required
to transmit loads to the outer sleeve that functions as a
support for the entire assembly.

Based on these design requirements, thermal-material
selection criteria have been established as follows:

1. Material must have low-thermal conductivity (less
than 1 BTU/hr ft *F).

8



2. Material must be chemically and metallurgically
stable, up to 3000 0 F. That is, no chemical or metallurgical
reactions occur, such as material phase change or carbiding
of other composite materials.

3. Material should have high-thermal shock resistance
to preclude material breakdown during repeated thermal
cycling (primarily for the solid configuration assemblies).

4. Interfacial material must have a linear coefficient
of thermal expansion (CTE) similar to that of the barrel
materials (Cr-Mo-V steel, a typical barrel material having

a CTE of 7.8 X 10" in/in OF). Any CTE mismatch can result
in failure in both the axial and the radial directions be-
cause of assembly separation during thermal cycling.

5. Interface material must be capable of sustaining
or transmitting all modes of barrel loading.

The two most promising interface materials that closely
satisfy these criteria are zirconium oxide (ZrO•) and aniso-
tropic boron pyrolytic graphite (bPG). Because of the dif-
ferent nature of these two materials, they will be discussed
separately.

Zirconium Oxide

Zirconium oxide (ZrO 2 ), dependent upon the manufacture
of the basic oxide and the coating process, varies in me-
chanical and thermal properties. Material density (percent-
age of porosity), degree of stabilizing agent employed
(MgO, CaO prevent material phase-change throughout the
operational temperature range), and degree of metallic
alloying are the primary causes of these property variances.
ZrO2 may be found in various commercial forms, some of
which are as follows:

1. Powders - applicable for flame-spraying.

2. Free-standing ceramic bodies (for example, extruded
or pressed parts).

3. Tapes, papers, and fabrics,

A tabulation of typical thermal and mechanical proper-
ties for a sintered ZrO2 (flame spray, partial stabilization)

9



is as follows:

1. Thermal conductivity - 541 BTU/hr ft *F

2. Density - 374 Lbm/Ft 3

3. Linear coefficient of thermal expansion
5.6 X 10-6 in/in OF (RT to 2200 0 F)

4, Specific heat 0.13-0.18 BTU/Lbm 'F at 200 to 1950'F

5. Ultimate tensile strength (psi)

21,120 at RT
15,000 1625"F
13,230 1886tF
12,000 2192OF

6. Ultimate compressive strength (psi)

303,000 at RT
100,000 2370CF

For a load-sustaining assembly (solid material config-
uration), the ceramic material must maintain its structural
integrity. Therefore, the material mechanical properties
must be sufficient to withstand all stress modes. Initial
stress calculations with a homogeneous barrel assembly in-
dicate that material failure will occur unless a precom-
pressive stressing of the interface material can be obtained.
For example, a gas pressure of 65,000 psi will cause a tensile
stress at the interface in excess of 25,000 psi that exceeds
the ultimate tensile strength of ZrO, Also, uneven axial
loading can be a source of interface-material cracking. Ex-
perimental verification of assembly structural integrity
must be performed to determine the significance of cracking.-

In a load transmission assembly, ZrO is required during
forming to compress to a highly compactes, dense powder.
During actual firing, no further compaction or shifting of
the material is allowed The assembly procedure necessary
to obtain maximum compactions and proper natural flow will
be determined experimentally in the future,

Anisotropic Boron Pyrolytic Graphite (bPG)

Boron pyrolytic graphite (bPG) exhibits strong aniso-
tropy (ditferent property values along different axes) in

10
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thermal and mechanical properties. This material is manu-
factured by a high-temperature, vapor-deposition process;
therefore, it occurs only as a free-standing body con-
figuration. The diagram below indicates the primary prop-
erty directions for a radial element:

C
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Radial Element

Anisotropy is exhibited in only two directions of a cylin-
drical coordinate system. The "c" property direction lies
on the radial component and the 'lab i property direction is
a surface comprising the circumference and the axial axis.
For use as an interface material, the pc" direction is the
controlling direction. The alloying of basic pyrolytic
graphite with boron (0 to 1.2%) results in alteration of
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material properties in both the "ab" and "c" directions.
A percentage increase in boron causes a decrease in thermal
conductivity, a major advantage for this application.

A material property compilation is presented in Table I
for a zero percentage boron content:

TABLE I

Direction
Property c ab Units

Ultimate Tensile 1,500 14,000 psi
Strength' (RT)

Ultimate Flexural 1,500 21,000 psi
Strength (RT)

Ultimate Compressive 68,000 14,000 psi
Strength (RT)

Thermal Conductivity (RT) 1.00 200 BTU/hr OF ft

(25000F) 0,66 58

Specific Heat (RT) 0.26 BTU/Lbm OF

Linear Coefficient 10.8 0.2 in/in OF X 10-
of Thermal Expansion

Thermal cond'tctivity data are given in Table Ii for the "c"
direction as a function of the percentage of boron alloying:

TABLE II

Thermal Conductivity
Per Cent, Boron BTU/hr ft OF

1.2 . 0 36

0.75 0.45

0.35 O.54

0 1 00

12



Mechanical properties are unavailable for boron alloying,

Theory indicates that alloying will increase strength

properties.

Application of bPG as an interface material is feasible

for a solid configuration. Some work has been done with

co-extrusion of isotropic graphite materials. The diffi-

culty encountered was that isotropic graphite did not de-

form plastically during extrusion; therefore, composite

failure occurred,.

A deterrent factor in applying bPG as an interface

material involves the mismatch of linear coefficsents of

thermal expansion (CTE). A comparison of bPG material with

typical barrel materials indicates that, both in the "c"

direction and on "ab" surface, the CTE varies significantly

enough to cause composite failure because of material sepa-

ration during thermal cycling. Also, binding during shrink-

fit operations could occur due to expansion in the "c" di-

rection. Further analysis and experimentaton will have

to be undertaken to confirm and resolve these problems

The problem of carbonizat'on of bavrel steel during

thermal cycling was investigated Nucleation of carbon

atoms along the steel grain boundaries could initiate

microscopic cracking due to material hardening, but the

feasibility of composite failure due to carburizing was de-

termined minimal

Forming Processes

The primary consideration in the fOrming process is that

of the structural integrity of the composite gun tube,

Basic design considerations used as guidelines for this in-

vestigation are listed below!

1. Liner and sleeve assemblies must be the primary

load-carrying composite members.

2. Feasibility must be determined fo' application of

precompressive loading at the interface to offset tensils

stresses generated by pressure and the mal stressing

3. Significant design changes to the overall weapons

system must be kept to a minimum

4. Bore liner material must withstand the higher bore

temperatures engendered by application of the thermal

barrier,

13



Three principal fabrication processes have been in-

vestigated. These are as follows:

1. Shrink-fit assembly (one- or two-piece approach).

2. Swaging of outer sleeve over inner liner and
interface material.

3. Hot coextrusion of entire three-piece assembly.

All these processes require three major components, an
inner liner, a thermal interface resistance material, and
an outer retaining sleeve. Each of these processes will
be discussed in the following sections.

Shrink Fit

Current manufacturing procedures limit the shrinkage
length to approximately 10 inches. By an increase in the
assembly rate, an increase in the temperature difference
between sections, and an increase in the clearance toler-
ances (a reduction in final interference between sections),
longer length fits can be achieved. By controlled procedures,
sections have been assembled in excess of 30 inches. Initial
design work on an M60 gun barrel indicates that a one-piece
shrink-fit can be accomplished.

The primary advantages of a shrink-fit assembly are
listed below:

1. Solid interface sections may be employed, either by
flame spraying the interface material on the liner, by use
of free-standing ceramic cylinders, or by use of ceramic
tapes or fabrics.

2. A precompressive load may be a pplied (dependent
upon the amount of interference desired) to the ceramic in-
terface, thus the initial stress characteristics are enhanced.

With a solid interface section configuration, the bond-
ing mechanism between liner and interface material, and like-
wise between interface material and outer sleeve, should be
considered Bonding may be established through mechanical
means such as roughened surfaces, cements, or flame-spray
coats.

Initial calculations performed for an N60 gun barrel
show that a precompressive load of 59,000 psi can be devel-
oped for a 1.5-mil interference. An expansion of 2.S-mils

14



can be achieved with a temperature difference of l00OF.
Hence, by an increase in assembly rates, a longer shrink-
fit apparently can be achieved.

Swaging

Swaging has a direct application for the forming of a
composite material barrel blank. The process is relatively
inexpensive when compared with other processes.. Major prob-
lems are generated in'the swaging of brittle material.
Rotary swaging will cause, as a function of radial angle
and axial speed of the workplece, an~uneven reduction in
material cross-section. The cyclical nature (a fluctuaiting
angular radial force) of the swaging process and the low
impact-resistance of ceramic materials will cause pulveri-
zation of the ceramic interface during aisembl ; this results
in the ejection of the ceramic material from the assembly.
Also, interface material will be unevenly distributed around
the circumference of the assembly; Even though solutions to!
the many problems associated with the swaging process have
not yet been determined, this process is believed to have
excellent potential in view of the low process cost fnvolved.

Hot Extrusion

Under normal practice,'when two or more materials are
extruded together, they become metallurgically bdndei aý
the interface. In the case of cera ics and meta•!s, this
action does not occur. Ap end conf guration comprises an
inner liner, a densely compacted oxide powder, and an outer
sleeve. Because of the differences in hot working tempera.-
tures (Cr-Mo-V steel from 1900PF to 2100-F and ZrO, approx-
imately 48000F), plastic deformatiOn of the ceramic material
is impossible without exceeding its ultimate shear strength.
The resulting intetface transmits hoop stresses and thermal
stresses to the strength-bearing members. However, axal1
shear-stresses due to projectile frictional forces can
cause assembly failure

A number of approaches for the solution to the problem
of axial shear failures are as follows:

1, Electron beam-welding of retaining rings over the
muzzle end breech ends of the gun barrel This approach is
applicable to all processes under discussion.

2. Another approach, applicable to hot extrusion, would
involve the use of liner supports. These supports would be

1
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attached periodically along the length of the liner (similar
to cooling fins). Ceramic material would be used to make
up the remainder of the annulus. The liner, liner support,
ceramic, and sleeve section would then be extruded. The
resulting configuration would consist of a liner support,
metallurgically bonded to both the liner and the sleeve
assembly, with the interface material distributed between
the liner support as a high density powder.

3. The interface material can be alloyed with free
metallic atoms, copper for example. The percentage of
alloying can be varied from 10 to 20 per cent of the inter-
face material. During extrusion, the alloyed material will
flow and form metallurgical bonds with the i•ner and the
sleeve assemblies. The resultant configuration would con-
sist of a solid interface material that could withstand
axial shear.

FUTURE EFFORTS

Presently, two gun barrels are being evaluated for fab-
rication of a full-length thermal resistance interface. The
two gun barrels are an M60 7.62mm and a MKII Mod. 5,20mm.
Preliminary design of an M60 gun tube with a shrink-fit
assembly (30 mil coating of ZrO2, high-density flame spray)
is nearing completion. A major redesign of the breech sec-
tion is necessarily unavoidable to inclose a full-length
interface barrel. An extensive test program will be initi-
ated to measure temperature profiles and erosion wear as a
consequence of high bore-temperatures.

A coextrusion process is under investigation for placing
a 30- to 35-mil ZrO, interface into a MKII Mod. 5 gun barrel.
This investigation includes selection of the liner material
and the outer sleeve material consistent with the coextru-
sion-process and the operational temperatures. Three com-
plete MKll gun barrels are contemplated for fabrication and
testing.

SUMMARY AND CONCLUSIONS

A second live-firing experiment was completed using an
M60 gun barrel with a ZrO2 thermal interface as the test
vehicle. The test section for this experiment was located
near the muzzle end. Good correlation between theory and
experimentation was obtained. A significant number of
rounds were fired with no apparent deterioration of the

16



modified section. Experimental results further substantiate
the temperature reduction for the outer sleeve of the modi-
fied section. The significance of this temperature reduction
becomes more apparent when axial conduction into the test
section from the unmodified portions of the gun barrel are
taken into account.

Design criteria have been established for two full-length
thermal interface gun barrels. The 7.62mm, M60 gun barrel
will consist of a shrink-fitted outer sleeve over a coated
liner. The 20mm design, however, will be based on a coex-
truded composite gun barrel with ZrO positioned between a
high-temperature liner material and an outer sleeve of
Cr-Mo-V steel. Future efforts by the Research Directorate,
Weapons Laboratory at Rock Island will involve the fabri-
cation and testing of these full-length modified gun barrels.

1
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APPENDIX A

Digital Computer Program for Calculating
Propellant Gas Convection Coefficient and

Temperatures
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//PR INT JOB 101740 939,1),'GEO STILES' JOB 221

C PROGRAM TO DETERMINE VALUES FOR HG & TG 2/18/71
DIMENSION 3B(2U), CC(42O), DD1420), H6AR(5),TWI5),DTWDTi_)-• t~~~~,iB(5), TQ(5) ,-T- TI(2Obci,-(ii2-01 YI ( 3O

COMMON /BLK2/ X(30)9 YI{30), Y2130), DTDTt3O), YY[3O)
C
C TW - AVERAGE WALL TEMPERATURE
C RHO - DENSITY
C CP - SPECIFIC IiEAT
C . itAiR - EFFECTIVE CNvEC-ION COEFFICIENT
C HBAR =XKI * TW**2 +XK2 * TW +XK3
C DR - DELTA R
C TA - AMBIENT TEMPERATURE
C THETA - TIME
C RI IS BORF RADIUS
C RO ISOUTSID6E RADIUS
C RATIO IS FROM 1 THRU KU/RI
C IKKMAX REPRESENTS NUMBER OF -TIME VS TEMP- DATA CHANGES

IKKMAX = I
DO III IKK = 1,IKKMAX

C N REPRESENTS NUMBER OF ORDERED PAIRS.
R"EAD1, N, WX(i"Ylt(i- I =1,N)

I FORMAT(I5/(2FI0.O))
C M IS THE NUM3ER OF CONSTANTS NEEDED FOR DEGREE OF FPOLYi. DESIRED.

M= 3
C NC IS THE NUMBER OF PASSES THROUGH LEAST SQUARES SUtsOUTI-NE, AT THIS
C POINT IS USED ONLY TO MATCH TIMF VS. TEMPERATURE.

CALL LSTSQ(MtNtNC)
DO 3 IJ = 1, N

3 VYfIJ) VYYIJ)
READ 5,IRATIOPRIt RO, RHO, CP, XKl. XK2 DR#, ITA XK3

5 FORMAT(15/(8FlO.O))

DR - RO - RI...................... . . . .
C IRATIO IS THE NUMBER OF RATIU TESFS PER EACH IKK

DO 110 IJI = 1, IRATIO
__READ 8 ! RATIO

8 FORMAT(FIO.O)
RUO =RATIO * RI

C
11 0

C N IS THE NUMBER OF DATA SETS.
NN = N - I

C NN IN NEXT CAtD MUST BE CORRECT NUMBER OF DATA SETS READ IN - lINE *
DO 100 IJ = I, 4lJ
TO(l) = YI(IJ)
DTWDT(I) a DrDT(IJ) * .bO.O
TO(2) YI(IJ + 1)

19



DTWDT(2) 0TDT(IJ + 1) * 3600.0

PRINT 20, RATrO, TO(i),TO(2),DTWDr(12) DTWDT(Z)*RHO, CPXKIt
I XK21 DR, TA, XK3F RIf RO,

20 FORMATI0OH RO / RI =,F12.49 lOX, 8H TO(M) =,F12.4,
1 IOX, 8H TO(2) =,F12.4/7H Dr(1)=,FI2.4, 1OX, 6HDT(2)=,FI2.4* IOX,
2 6H RHO =tFI2.4, lOX, 5H CP =,F12.4/ 5H KI =,El2.495X,5H K2 =v
3 E12.49 5X, 5H DR =, E12.4, 5X95H TA =,F8.l/15X, 6H XK3 =, E12.6,
4 1OX,14H BORE RADIUS =,E12.69 lOX, 17H OUTSIDE RADIUS =t E12.6//)

DO 30 1 = 1 2
HBAR(I) = XKI * TOIl) ** 2 + XK2 * TOMl) + XK3

.. ..... PRINT 25,1• .IBARII) ..-...
25 FORMAT( 8H HBAR( ,12,5H ) = ,E12.5)
30 CONTINUE

AB = 2. * RI
AO = 2. * RO

AM = RI + RO
TMI = AM I (DTWDT(l) - DTWUT(2)) * RHO * CP * DR
PRINT 35, AB, AD, AM, TMI

35 FORMAT(/6H AB = ,E12.496H A = ,F12.49SXt6H AM = ,E12.4,5X,
1 14H FIRST TERM = ,E12.4/)

C
HG = TMI / ((TO(2) - TOIl)) * AB)
TGAV = 0 .0 ......... . ... ..........
DO 50 1 = 1,2

TG = TOil) + (RHO*CP*DR* AM * DTWDT(I)) I HG I AB
TGAV = TGAV + TG
PRINT 40, HG, TG

40 FORMAT(SH HG =,E12.4, 1OX, 5H TG =,E12.4)
50 CONTINUE

rGAV TGAV 1 2.

DTO = TO(2) - TOil)
TAVG = TOil) + OTO / 2.
PRINT 55, OT0, TAVG9 TGAV

55 FORMAT(18H TEMP DIFFERENCE =, E12.5 15X, 233H AVERAGE OUTSIDE TEMP
I =, E12.49 lOX, 14H TG(AVERA(E) =, E12.41)

C

C THE SECOND QUANTITY IN THE FOLLOWING STATEMENT REPRESENTS THE
C TOLERABLE DIFFERENCE BETWEEN CONSECUTIVE TEMPERATURES.
C FOLLOWING NUMBER (300.0) MAY HAVE TO BE LOWERED

IF(DTO .GT. 300.0) GO TO 100
C II REPRESENTS THE NUMBFR OF ORDERED PAIRS.

II = II + I
ID = II
X(II) = TAVG
YL111) = HG
Y2(II) x TGAV
IM = II

70 IM - IM - I
IFIXIID) .GE. X(IM)) GU TO 80
XD = XIlD)
YID = YIIID)
Y2D U Y2(ID)
.X'( 6) X(IM)
YI(ID) = Y1IIM)
Y211D) = Y2(IM)
X(IM) = XD
YIIIM) a YbD
Y2{IM) = Y2D
IC = ID -D

20



GO TO 70
80 CONTINUE

C . N-W ORDER D-AND ii-VAL-E iS-THF N4UMBER OF ORDERFD 2AIRS

100 CONTINUE
C

PRINT 105, (X(I), Yl(1), Y2(I), I = , I )
105 FORMAT(IOX, E12.5, lOX, F12.5i, LOX, El2.5)

M =4
NC = 2
CALL LSTSQ(MI1,NC)

110 CONTINUE
III CONTINUE

CALL EXIT
END

SUBROUTINE LSTSI(MNoNNC)
DIMENSION B(20),C(420),D(420)
COMMON /BLK2/ X(30), Yl(30), Y2(3O), OTDT(30Q, YY(30)

C THIS SUBROUTINE IS GOOD FOR SECOiND OR THiRD DEGREE POLYNOMIALS, ONLY.
C M NUMBER UF CONSTANTS NEEDED FOR DEGREE OF POLYNOMIAL DLSIRED.
"C .KEEP THE P3LYNOMIAL AT DEGREE TWO TC AVOID POINTS OF INFLECTION.
C N_= NUMBER OF ORDERED PAIRS REAl IN.

DO I I=I,N
I YY(I) = YL1I)

"C NC = ITHE FIRST TIME THROUG11 (MATCHES TIME VS TEMP).
C NC = 2 THE SECUND, ANO LAST, TIME THROUGH(MATCHES TIME VS HG ANU TIMF
C VS TG(AVE) I.

DO 400 IJK = 1,NC
NI=(M+1)*MS...DO 2. |=1,IN ....-.... . .. ......... .. ................... ~ -

2 2OI=0.

K=1

3 XX = X(K)
Y = YY(K)
8(l)=l,

DO 4" 1=2,M
IEXP= i-I

4 B(I)=XX **IEXP
11=0
1=I". Jai

JJ=O
5 ISUBI=II+I+JJ

I SUB2= I JJ -~-

D{ ISU81).=O(ISUBI)+C(ISUBI)

IF(I+JJ GE. M) GO TO 6

GO TO 5
6 I-I+l

ClISUBI)xs(J2)*Y
OfISUeI)=O! ]SUoI)c(IlsUBl)
IFIJ eGEo M) GO TO 1
Il-I I÷M+l
J=J÷I

6O TO 5
T K-K÷ l
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IF(K .LE. N) GU TO 3
JJ=M+-
J= I
I=2 ___

K=O
NIN=I

9 IJObI=JJ+J
[JOB2=I+K
D(IJOBl)=O( JOb2)
IF(J .GE. NIN) GO TO 11
K=K+M+ I
J=J+l

GO TO 9
11 NIN=NIN+*

K=O

J=l

JJ=JJ÷M ÷i
IF(JJ .LE. ,M-I)*(M+II) GO TO 9

C _NORMAL EQUATIONS IN D(I) COMPLETED TO HERE
[N=l

IOUT=M÷_
DO 40 LP=IM

DO 20 I=l,M8
20 C(I)=DlI)

IF(CIl) .EQ. 0.0) GO TO 800

J=M÷2
M3={M-2)*M8
K=O

25 DO 30 II=I,M
I 1 IP= I ! ÷K
I IO=J+ 11

30 D IIIP)=DIIIQ)-DOJ)*CI +111)/C()
DIIIP÷I)=-0IJ)/ICIi)
J:J+MB _________________

K=K+M8
IF(K .LE. M3) GO .TO. 2S

DO 35 11=1,M
IIR=IIGK

35 DIIIR)=C(111I)/C(l)
DI IIRI)=1./CI l)

40 CONTINUE
JX=O
DO 50 I=INlM8
JXMJX,1
BIJX)=DIIl

50 r.nm!:;iuE
PRINT 53

53 FORMATI//53H COEFFICIENTS OF FITTED CURVE BEGINNING WITH CONSTANT
I/IM

PRINT 54t IfIIbIs,,ll 0M8)
54 FORMATIA1Z20,8)

IFIM .EI. 4) Gfl TO 6d
NBC" I•M8

NACaNBC+M8
SCuO) NBCI
ACDINAC)
GO TO 76

68 NCC a L + MA
NbC mCC + MM
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NAC = NBC + M8
CC = DINCC)
BC=D(NBC)
AC=D(NAC)

76 PRINT 77
77 FORMAT(//14XIHXI9XIHYI7XBHFITTEO YI5X5HSLUPE)

IFIM .NE, 3) GO TO 79
BAA = - BC / 2. / AC
PRINT 78t BAA

78 FORMATI/25Xt 29H VERTEX OF PARABOLA IS AT X =, E12.4/)
GO TO 84

79 XINFLP = -(2. * BC) / 3. / (3. * AC)
PRINT 80, XINFLP

80 FORMATI/lOX, 27H*** INFLECTION POINT AT X =, E?2.4, 4H *'P/)
DISC = (2. *BCJ ** 2 - 4. * (3. * AC) * CC
IF(DISC .Lr. 0.0) GO TO 82
RI = (-2. * BC + SQRTIDISC)) f 2. / (3. * AC)
R2 = (-2. * BC - SORT(DISC)) / 2. / (3. * AC)
PRINT 81, klt R2

81 FORMAT(/28H THE REL MAX AND/OR MIN ARE , 5X, F12.4, lOX, •l2.41)
GO TO 84

82 PRINT 83
83 FORMAT(/57H THE THIRD DEGREE POLY HAS NO REL MAX NOR REL MIN VALUE

Is /I)
IF(NC .NE. 2) GO TO 89

84 IF(IJK .EQ. 21 GO TO 87
PRINT 86

86 FORMATI/15Xt 34H * TEMP(OUTSIDE) VS HG * 1)
GO TO 89

87 PRINT 88
88 FORMAT(/15X, 34H ***** TEMP(OUTSIDE) VS TG *****)
89 00 121 LLL-E1N

XX X (ILLL)
Y £ YY(LLL)
YFxO.O

DO 94 IultM
IEXPwI-|
lXI'XX
IFIIXI .td. o0 GO TO 93

___ IflIEXP.NE. 0) GO TO 92ý
YFwYF*8(I)
GO TO 94

92 YFuYF
GO TO 94

93 YF-YF+8II)'* XX *IEiP
94 CONTINUE

IFIM eEQ. 4) GO TO 96
Dru2.*AC*XX + BC
GO TO 96

C 96 Or a 3. B(4) * XXE**2 + 2. * 8(3) *XX + R(?)
46 DT'" 3. * AC * XX'PP2 + 2. SC 'PIXX * CC
98 IF(NC .EQ. 2) GO TO 99

IF(NC .EQ. 1) YY(LLL) a YF
DTDTILLL) u DT

99 PRINT 1204XX9 Ye YF. DT
120 FORMATI/l4F20.6)
121 CONTINUE

IF(NC .EQ. 1) GO TO 800
IF(IJK ,EQ, 2) GO TO 400
DO 131 1 a IN

1yii Vv|| a Y2(l)

23
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400 CONTINUE
800 RETURN

END

24



APPENDIX B

Gun Barrel Heat Transfer Program
Utilizing Crank-Nicolson Algorithm
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I/PRINT JOB 101?40939II.9GEO STILES JiOB 168

C ONE-DIMENSIONAL TRANSIENT HEAT CONDUCTION PROGRAM ItT-?A) 00010
C THIS PROGRAM IS A GENERAL PROGRAM FOR THE SOLUTION OF CONDUCTION 00030
C PROBLEMS WITH TEN OR LESS REGIUNS INCLUDING INTERFACIAL RESISTANCES 00040

C BETwEEN REGIONS 00050
Ol;ENSION IDFELO(q) C
DATA IDFELO IO *,oSTEVeE SOO°0STWI99*CK *v*AMSW%'*E-RE',°T-E C

lAfeD I/ C

WRITEI41 I0FELD C
DIMENSION XLARIbIVYLABI(IGLABIS).DATLARISI C
DINkNSION xBS!fIoYBStislGRSIS)1DSSIS) C
DIMENSION LABLII2OILABLZI20IoLABL3120)oLASL4I20) LABLSI2O).LABL6! C

120),LABLTI20)oLARL8120) C
DIMENSION LABL9(2OLABLlOI20),LAILI1I20),LAPLI212OI.LABLIý12OI.LA C

IBL14I20).LABLIS,20I.LABL16(?•OILALLII!20),LABLAIzOI0)LABL19I20ILA C
2BL2OI1209LAOL211I0) C

DIMENSION LABLZ?(20)*LASL23I201,LASLZ4IZOILAULZSIZ0)OLABL261OI,0L C
1ABL2??20)LASL2OIO)LASL29i2O),LABLIOI0IO)LARL)IIZOI C

READ SO10XLAboVLABoGLABSDATLAO C
READ SOoLABLI.LASLZoLAOLILASL4.LASLSLASL6,LABLoLASLS C
READ S0OoLASL9,LARLLI0OLASLIILABL12oLASL13ELABLIRLASLIS.LAULI6,LA C
ISLILToLABLIS.LASLI9.ABLS0LABL2| C
RkAO S00,XBSoVBS*GBS*ObS C
READ SOO.LABL2Z.LASLl3,LARL24LARL2S,LASL26,LASLfloLASL2SoLASL29eL C

IAbL3OL ABO. 31 C
500 FURMATI2OA4) C

OIMENSION TRAO(201. RAOISTI20)
DIMENSION TSBIIOOIQTOSIIOO)oTNEIIOOI C

C ENO PLOT DIMENSION C
DIMENSION O IIOSOIT RHOPIP10.
I MG42O0o T6120I0 IT142Oo CPII0OI

C 00010
IeDOEFINITION OF LABELED COMMON -- BLK1iBLKZ* AND 1 LK) 00060 I

COMMO'N /SLRI TIISOO.C(1iOhCjtlS@).MIISO).N115)ISolDOOVIIO.lI 00090
COMMON /EK2 RAOtII4iIIoNOOESO10IolKIl0OBEIAIIOICPIIOI.)HOItOI9

ZEMlSS.RI'*0LoCPQItRRZBOYRIII)oRIIISO5oRIIIISOhoDRI1O)oA19lITB1III 00110

C 00130
C*sINITIALILATIUN OF VARIARLES NOT LOCATED IN LABELEU COMMON 00140

DATA KMUNo oUstTDwolM.RlDOTlt~f DOT119oIIMOVI It
2 •0 11 .0 let *OOSq *?So 30o2O

C 00110
CeOREAO CHARACTERISTICS OF PROBLEM -- RAW INPUT DATA 00180
C D00ot
COODEFINITION Of NAN AND NAMI 00200

NAMILIST INAMI TlKRUN.TNUMIDoENONM9 VflOES. MRZioE&TACP.RMO.BOV#R
2iMISSfo0Z Ol011D IOODlTollolBOYOCPOIoqOa54o1.tlo§4401liolITSoND.SC
41NAM&IOOII0"19OO4,0IoIlIoNSOOIt#ol KRRloR,91 CPLot1I SSolTU,0ol0U09 1M) 00240
S NtODES. AoIIB.NmOoNSC

C NR4*2 CHkCKS 40. OF ROUNOS AS A UMIIPLE OF P.
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COO**$**$ ##NCPLUT Do0 -It ON4 I e~*e.s..s....~~~eeeee.*
C*00*000000 MCPLOI -1 WHENt Nn) PLOI IS DESIRFO *sese~ee.b*.SS..
COO***$*$**@ MCPLOT £0 WHEN OUJT" RADIAL AND OES PLOTS ARE DSRD,**O**S
ce......... NCPLOQT A WHEN ONLY U'4F; orf1r iwq TYPES OFPOWTS is DesIROoss@ese
C..S000*00*0111IPLf Do0 OR I ****@**********@**S****.*.
CA*SO*O640* NSRPLT 0 W .NFN THE RADIAL fiR BOTH THE PL(I1S ARE DESIREO*S000eS'*0**
COOb******** NSAPLT I WHEN nNLYV THE RES PiLOT IS DE St OFI(s*000000 e**e*~e

C*.eo**.*w,4N 14PLOT a 0, NORPLI 04UST ALSO a0. ******.***,~~~
NCPLOI s-l.

IF I NCPLUT .EQ. -1 1 GO TO 2
ifIFINa*lm .Eto. I I GOtJo 46
KRAI)aO0
IF I NCPLOT efoo o GnII Tn 460

40010?SKx

WORIKORSK) 0 ?0.0
TOSI ItRUSK) a 70.0
INEIRSRSK) a 0.0

2 READISONA'95
C
wC FOLLOWING CARDS ARE REQUIRED IF DESIRE 10 RETAIN 1`I0F PER 8064ST.
C I IUT A LOCATION CHAEf AfOUIAIS VARYING, 0ARRfL THICKNEfSS.
C 81111.0 IS ORIGINAL 01 VALUF IN OEET

0*01.0 a 002TSb
C DININ IS.PRtSENT VALUE Of of*

0NNWa 01'
O1,l1MI a 0IDIOOS4 1. 01* ( OTME ftNFW 60 ?

lour a0

S NUUT a I-PUT S 11U0114111
IuUI a ItlUT 6 A
Touts a fi110W!
CALL ThICICIIUTS.fTDSvAVOGIG
fill a fal'5
$01411) a RKA4 / AVGMG

C
C If ?4CR STAYS IFRO THEN 11HERE IS A% ev %no' Do.Q ROUNDS PUri ftUasI.

I1112 SOWNE
19613~oa.. @5 lAnaI

C 000 efPRu&te!S Tfef NI OF ROUNDS PER II.RST,
C Nsc 11110fSollos to*f Noo ( S&COteOS OF CO04,11146.

10*FuRA~t..&t'S.Ibw RUND SURStS AND 9IS.Ion SUMONS' COOING11
416*440te 11

C %toIs 1$ tJR@A or Passts PERt auls
IFIN4 140. to tie a %RC

C "Ice"hlS.'esceollo 11F A MULTIPLE OF 10
NotsC"Is 0 SC 6 5014

C 1111C IS NUM111R U0 0AIStS PtlR MAST PLUS 0140014 tw1t.. COMIeNG
.101C INIC 4101B 1 a holl

27



C 00270
C**CALCULATE DIMENSIONLESS LUMPED PARAMETERS, HXII) AND CII 00280
C

CALL LUMP (iIINBODYvDZvTTICPII
C

C 00300
C**WRITE PROBLEM PARAMETERS 00310

WRITE(6tNAMI) 00360
WRITE(6,5I 00370

5 FOVýAT|7HOREGIOM,3X5HIBODY93X 9HRADII(FT),5X6HDRIFT),SX8HBDYRIFT), 00380
26X2hCPt8X3HRHOt8X2HKZv6X4HBETA ) 00390
WRITE(6,7) (J,IBODY(Ji),IBODY(J,2)bRAOII(J),0R(J;,BDYR(J),CP(J)t 00400

2RHO(J),XKZ(JI, BETA(J)t J10,NBODY) 00410
7 FORMATII3,918,14,3El2.3t FIO.3,2FIO.1,FIh.6) 00420

I = NBODY + 1 00430
WRITE(6, 9)IRADII(I)tBDYR(II) 00440

9 FORMATI13t12XEl2.3,12XEo2.3//) 00450
WRITEb,6111 00460

11 FORMAT(3XIHI,7X5H H'II) 12X4HC(I), 12X4HT(I|) 7X6HRADIUS ) 00470
WRITE(6,13)(I, H(I)tC(I),T(I),RIl1)v 1=1,11) 00480

13 FORMATII42E16.4, FI3.2,F13.5) 00490
JI = 11-1
DO 90 l=29JI
RADISTI[-I) = RilI)

90 CONTINUE
JJJ = 1-1

C, 00500
C**CALCULATE OR INITIALIZE VARIOUS QUANTITIES -- SAVE T(I1 AND DTIMEX 00510

TSEC = OZ**2*RHOZ*CPZ*3600./XKRZ 00520
IIMI = II - 1 00530
IIM2 = 1I - 2 00540
IIPI = II + 1 00550
DO 15 I=,?lIPI

is "T(I' = TII) 00610
ATIME = DTIMEX 00620 I
DDDTX=DDTX 00630
Nzo 00640
NMN = 0
TAUT = .0 00660

CALL TAVE(IIIIIPI) 00780
C

SQIN = 0.0
SQSTR = 0.0
SQUT = 0.0
NT = 0
DO 17 J = 1,NBODY
NTI = NT * I
NT = NODES(J) + NT
00 17 I = NT1,NT

17 RHOP(I) x RHOIJ)
C
C 00820
C**STARY OF SOLUTION OF PROBLEM 00830
C

18 CONTINUE
TOUTS - TIIOUT) LEECH
"CALL TGHG(TOUTSTOTStAVGHGI
T(I) = TOTS
BOYRII) a XKRZ / AVGHG
CALL LUMP (I, NBODYODZTTI CP I
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C POINT OF MAJOR LOOP ENTRY -- SN25(NO NEW OTIMEX), SN24(NEW OTIMEX) 00840
IFIIRET .EQ. 21 GO TO 25
00 19 1=2,I11M

19 CXII) = C(i)/DTIMEX*2. 00860
25 NNMM z NMN

CALL CHANGE(NBODYTSECTAUTIIIXNNMNtNIBtNICI
NMN = NNMM
CALL SOLVE IIIMIIIM2,IINBODYRETAvTAUT)

BETHM OTIMEX * TSEC / 3600.0
QSTR = 0.0
DO 27 I a to NT
QSTR = IRI(I + 1) - RIII))4 RHOPtI) * CP(I) * 602832 k lfll) 4 IT

141) - TTI i1) / BETM + QSTR
27 CONTINUE

QIN 4HXI1)*XKRZ*6.2832*(T1l) - T(2))
GOUT = HX(IIMI)*XKRZ*6.2832*(T(IIMI) - T(III)
SQIN = SQIN + QIN * BETM
SQSTR = SQSTR + QSTR * DETM
SQUT = SQUT + GOUT B DETH
SUM N SQSTR * SQUT
ENBL = (SQIN - SUM) / SQIN * 100.0

C
00 29 l=111P1

29 TT(1) m T(I)
N z N + 1 00890

NMN = NMN + 1
TAUT = TAUT *DTIMEX 00900

C 00910
C**IF N/IX IS AN INTEGER CALCULATE VARIOUS QUANTITIES AND STORE ITEMS 00920

CALL TAVE(II119PI) 00960
C 01010
C*$END OF TIME STEP 01020

IF(NMN .NE. NIB) GO TO 31
DTIMEX = OTIMEX * 2.
WRITE(6,2031 OTIMEXNIB

203 FORMAT( /21H NMN=NIB AND OTIMEX =vE12.59IOX,6H NIB =,15)
GO TO 33

31 IF(NMN .NE. NIC) GO TO 33
OTIMEX = OTIMEX / 2.
WRITE(b6204) OTIMEXNIC

204 FORMAT( /21H NMNNNIC AND DTIMEX =,E12.5,1OX,6H NIC =915)
33 IF(NCK .NEe 1) GO TO 35

IRET = I
GO TO 37

35 IRET = 2
37 IF(NMN .EQ. NIC) GO TO 41

IFIMOD(NMN9 25) .NE. 0) GO TO 18
GO TO 42

41 NMN = 0
NXM=NXM÷|

42 IF(MOD(NXMIXX) .NE. 0) GO TO 18
CALL RESULT(TAUTtIIMIItTNUMtTDENOMtOZNBODYtQSTRDETMSQSTRENBL

2,IIPI,SQINtSQUTTIME)
IF I NCPLOT .EQ. -1 ) GO TO 331
IF I NCPLOT .EQ. I .AND. NBRPLT .EQ. I ) GO TO 321

KRAD = KRAO+I
TME(KRAD) = TIME
DO 311 1=2,15
TRAD(I-1) u TMI)

311 CONTINUE
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CALL GRAPHIjJJJADISTTRAD1tuti.lO.5,iO.5.00,O.OtXLABtYLABGLAB.D
IATLAS)

ALL LETTFRIZ.O,9.8.0.2.LAOLI.0,B0.0,f)*OOtOO,9,0.)O

CALL LETTERI .0, 1.6.O.1LARL2,0.80Ot0,0t0,0.0,t0tt0,0)
CALL LETTERI 1.0. 1.4O.1LABL8,O,80.0,0,0t0,0t0.Ot0,090)
CALL LETTER(I.Ot.2L0.1,LAeL4OOtS,0,0e0,0.0.0,0,OO90)
CALL LETTERI .0I,1.0t0.1LABL3,08.Ot0,0,0.0,0.O.O,0,0t I
CALL LE|TtRI10,O.80 .|0.LABL6bOtBOOOOtO8OOO,0909)
GU TO (700,110,720t,30.740,1SO,160O7lOhtKRAD

700 CALL LETTERII.O.U.6,0.1LABLSt080,0,0,Oet900,0,0,1OOO

GU 10 8R8
710 CALL LETTER( 1,0t0.6,O.1,LABL9.0,S0...O.Ot.00.09OO,0 ,O)

GU TO 888

720 CALL LFTTERII.0,0.6,0.1tLASLIOOtOO.0,0,0,0,0e0,0,0,001
GO TO 668

730 CALL LETTERII.OO.6.O.l.LABLI1t08D00,00,0,0,0,0,00I
GO TO 888

740 CALL LETTERIl.00.690.1oLABLIdO,80 O,0,0,0,000,00,0,O0.

GO TO 888
750 CALL LETTERI(.O,O.6,0.1,LABLi3t,0800.0.0.0,0,0,0.0.0,01

GO TO 888
760 CALL LETTERII.0,O.60.1,LABLI4,080,00,0.9O,0,00,0.0,0)

GO TO 888
770 CALL LETTERII.OtO6bOoLABLIS0,800,0.09,0,t0o00,0,0,O
88 CALL LETTERII.OtO°2,0.1.LABL7tO.8OO,, OtOO, OO,0,0,0,)

IF I NCPLOT .EQ. 0 1 GO TO 321
GO TO 331

321 KBRSK a KBRSK#1
TBRIKBRSK) a TI2)

TOSIKBRSK) a TIIUUT)
TMEIKBRSK) a TIME

C NXM INCICATES WHICH BURST HAS BEEN FIRED.
331 IFINXM .GE. 1) GO TO 45

C ABOVF IF STATEMENT INDICATES NUMBER OF BURSTS TO BE FIRED.

GU T0 18
C DIM0

CSORESET INITIAL CONDITION AND TIME INCREMENT -- READ NEXT CASE -- SN26 01210
45 KKR a KKR # I

IF I NCPLOT .EQ. -1 ) GO TO 365
IF I NCPLOT .EQ . 0 .AND. NBRPLT .EQ. 0 I GO TO 360
IF I NBRPLT *EQ. 0 ) GO TO 36S

360 CALL GRAPHIKBRSKTMETBRI1ttO.10,10.5,0,0,0,0,XBSYRSGBSDBS)
CALL GRAPHIKBRSKTMETOSt11,1,0,0,0,0,00.0,0t0.0I
CALL LETTERI2.099.StO.2LABL22,080,0,0,0,0,0,0,0,0,0t 0)

CALL LETTkRI2.0,t. ,O.2,LABL23,8OOtOtOtOtOtOtOtOt0,000)
CALL LETTERIZ.-52.30. *1LABL24t0,809OO0,0,0,0,0,0,0,00)
CALL LETTERI2o.52.1,O.1eLABL2St0t80,0,0,0,0t0,0,0,OtOtO)
CALL LETTERI2.St .*9,.e1LABL26,0,80,0,0,,OtO,,0,oO,,0O)
CALL LETTERI2.5 1.7T0. 1LABLZtOt,80OtO, OtO,, OtOO,0,0,0)
CALL LETTERI2.5,1.SO.1,LABL28,O,8OOOOO ,OOO0,O90O090O
CALL LETTERI2.St,.3,O1, LABL29,0,80,0,0,0,,OOtOt0t0,t0)
CALL LETTERI2.5,l.10.1tLABL39OtO80OtO0,00OtOO,0,0,0O)
CALL LETTERI2.5,.9,0.1tLABL31,0t800t00,0,0,Oe0,oOtO.OOI

36S IF(KRUN eGE. KKR) GO TO 370
DTIMEX a ATIME
00 47 I1,IIP1

47 Till m TTII)
GO TO 2

370 CALL EXIT
END 01260
SUBROUTINE LUMPIIItNBODY9DlZTTI9CPI)
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CIMENSIUN T1` ISOI RHnPtiO)o
I HGIO*, |G1I201 TTiIlOl• CPII0l

C
COMMON /1LKI/ T(I5I01CliSO3CxI OIhIt5l.jOltHXIISO01IBUOYI10,ll 01280
COMMON IbLK21 RAI)IIIII)o•ODESIIUIXKIIUloB[-TAIIOI,CPlIO)oRtiCIZ0oI

2EMISSoHOLCP.XKRLB|)YR(1l.lIi|liOoAIl(1501oURlIO) 01300
C 01310
CeSTHIS SUBROUTINE CALCULATES THE OIMFNSIONLESS LUpPEn PARAMETERS 01320

AL=RHOUICPZ*Ol*e2 01330

CI r .0 01340
CII) = .0 01350
IFIBOYRII).EQ..OI GO TO 3 01360
HXIl * RADIIII/IROYRIIl 01310
Hill = HX ll 0 1 3AO
IBODYE2,1) - 7 01390
GO 10 5 01400

3 IBODYIIoll 1 01410
5 RIMII - RADIIILI 01410
C 01430
CS*BEGINNI4G OF LOOP TO CALCULATE CI11 AND Hill FOR NRODY REGIONSIJ) 0144U

DO 9 J=I.NBOOY 01450
ORR a RACIIIJ*I) - RADIIIJ) 01460
ORIJI a ORRIFLOATINOOESIJI-tl 01410
IBOOYIJ,21 a IRUDYIJo1) * NODESIJI - 1 014B0
1B = IBOOYiJol) 01490
It a I8IJCYIJ,2) - I 01500RI118) a RAOII(J) 01510

C 01520
CeOCALCULATION OF Cl A4•O Hill FOR REGION J 01530

o0 1 I IIE 01570
C
C**USE FOLLOWING IF WANT VARIABLE CP.
C IX a I
C TEMPI - Till
C CALL LINEARITEMPI*TTICP19CPJlXI)
C CPII) a CPJ
C

IFIJ .NE. 21 CPll) a .11
IFIJ .EO. 2) CPIll x .18
AJ a RHUIJISCPI)lORIJI/Al
CIUB) x AJ*IRIIIB) + DRIJI/4*I/2.4 C! 01550
CALL XKKSIIXKZJI

XKIll * XKlJ
IFIJ .EQ. 2) XKZiIM.1.0

XKDR a XKRZ * DRIJ)
BJ a XKZIII/IXKRZODR1J)l

Hill a BJ*IRIiI)+DRIJ)/2.) 01580
RIlI+l) a Rill) + ORIJ) 01590

1 Cll41l a AJ*RIIIGlI 01600
CIIEsI) a AJ*lRiIIE.1)-ORIJII4.I/2. 01610

C 01620
C*eCECK TO SEE IF INTERFACIAL RESISTANCE IS ZERO ANO PRUCEEn ACCORDINGLY 01630

IF1BDYRIJI*fI.EQ.OI GO TO 2 01640
CI a .0 01650
IBODYIJ*.11) a IBODVIJ.?) * 1 01660
HXIIE*Il- RIIIE+I)/BDYRIJ*1) 01670
HIIE *1) a HXIIE*|) 01660
GO TO 9 01690

2 CI a CiItIll 01700
IBOOYIJ*.11l 1 IODYlJ9?) 01710
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9 CUNTINUE 01 1/0
IFItOYR(NbO0Y#I1.NE..0) GO 10 11 0111I)
II a If 1 01 U 40
GO TO 13 "1 1%5

11 II z II * 0i 160
0Cll = .0 01110

13 Hill) = .0 ()11 sO
RIIIIIJ RADIIINBODY # 1) '•I1O

C 1?n0o
CeeCALCULAIE TI"E DIMENSIONLESS RADIUS R1i (pin

00 lb !-1,11 OIx90
16 RIIIl) = IRiII) - RADIIII))II/RADIIINBODY*ll -RAOIIEI)) 0IH"3

RETURN 01441
E ND 018% 0
SURROUTINE SOLVE fIIMIM INM2,IINROOY9RETA9TAUT)
DIMENSION GEIISOIhFEIISOIhDEIISOIBETAIIOIhBEIISO) IlE 150) OipFO
COMMON /BLKI/ TE¶0),CEISO),CXilSO)tHElsOhHXIl%0).iBOOYEIO,2) 01h890

C O 1 q!

C**CORRECT THE BODY CONDUCTANCES FOR VARIABLE CONDUCTIVITIES Ol'0on
1 fl 3 J=IvNBODY 01910

IS = IBODYEJo1 - 0191"

IEs IBOIDYEJ#?I - 1 01)10
DO 3 I-IBIIE 01040

3 HXIl) = HII~s(I. I BETAIJI*eITI) * TII*1))/2.) 0190%
C 0 1 0O
COOSTART OF ELIMINATION -- C(ANK-NICOLSON ALGORITHM 01910

DO 9 I=2IIMI u I (1n
C1 = HX1E) * HfAlI-Il 0 1990
BF(l) = CXII) * C1 02000

9 B111) 2 CXII) - Ci 0?010
G6Z) 2 BEE2) 020?0
FE(2) 2 (BiE2)*TI2) # HXIZI*TI3) * HXEI)#TII)*2.1IIGFr2) 0201
00 5 -23,911I 02040
DEiI) = -HXII-II/GEI I-I) 02050
GEMIA S BEIlT I HXTU-TIODENI) OXO

5 FEMl = (HX(II)$T~II 1 + HXII-1)*TlI-lI + 811lll$T1l11 HXII-I)e 02010

2 FEII-I1I/GE(il u208f)
FE(IIMI) it FE(IIIMI) + HX(IIM|)sTIil)IGE(IIMI|) 20qo

C 02100
C**BACK SUBSTITUTION 02ill•

TIIIMI) a FEIIIMI1 0120
00 7 i=2,1IM2 02.110
J a Ii - 1 02140

7 TMJ - FEWJ - OEIJ+1IIT(J*I) 02150
RETURN 02160

END 02110
SUBROUTINE RESULTETAUTtlMIItTNUMTnENCMODZtNBUYOQSTR,DETM,

2 SQSTRvENBL, IIPISQINSQUTTIME)
0IMENSION TSTARIISO115 I)(110) Y(500)
COMMON /BLKI/ TI50ICCO150),CXIISOItHE1S0)1HXIISO),IBODYIIO,2) 02210
COMMON /BLK2/ RADIII11)tNODkS(E1O),XKZI20)BETAEIOCPE2O)tRHO(20,

2EMISSRHOZCPZtXKRZBOYRIETItRlIISO),RlII1SOhtDR(IO) 02230
C 02250
C**CALCULATE OIMENSIONAL TIMEHFAT FLOWS PER UNIT DEPTH, TSTARS, M'S 02i60
CS*AfvO WEIGHTED AVERAGE TEMPERATURE. PRINT THESE QUANTITIES. 02?10

CALL TAVEIIIelIPI) 02280
TSEC a OZ**2 * RHIZ* CPZ * 3600.1 XKRZ 02290

TINk a TAUT S TSEC 01300
OIN a HXII)XKRZS6.2832*lTfl) - T4Z2) 02310
QOUT a HXIIIMI)$XKRZ*6.2832*T(IIMI) - Till)) 02310
PRINT 1009 SQINv SQSTR, SQUT, ENBL

0
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100 FURMATISX, JIM OIN SUM 2 9E[?.4, 5X, 15H QSTOkED SUM s * EIZ.4,o5,

I 12H QOUT SUM a , E12.4/ ISx, 20H F14ERGY BALANCE t a , E12.4)

PRINT 31,TSECTAUTTIME
31 FORMATIITH TSEC .,E12.509H TAUT aF12.S,9H TIME .,EIZ.5/)

00 I IIllPl
I TSTAR|I) a ITII) - TNUM)/TDENOM 02340

WRITEI69SI TAUT 02370

5 FORMATI////22HO DIMENSIONLESS TIME -,Fo.)sI0E28HHtAT FLOW PER FT I 02380

2BTU/HR-FTII 02390

kRITEI6,7T TIME,QINQOUT 02400

I FURMATI22H REAL TIME ISECONOSI)tE11.3,3X4HQINsEI2.3,lH QOUT-,EI2 02410

2.31 02420
Xc 02450

CSOPRINT THE OIMENSIONAL TEMPERATURES 02460

WRITE16, III T4IIIMIITI I ),Ia2,1IMI 02470

11 FORMATI /3SHOTHE DIMENSIONAL TEMPERATURES ARE /6H TII)=,FIO.2/ 02480

213H TI(I THRU TI,13,9H) FOLLOWIISF0O.?,SX,5FI0.211 02490

WRITEI6,13)II, TI1l), TIIIPI) 02500

13 FORMATI3H TI,13,2HIsF12.2,6XT7HTIAVEIS,FIZ.2) 02510

RETURN
END 02880

SUBROUTINE TAVEIll9IIPI) 02R90

CUMMON /BLKI/ T|I SOIsC0I ,0CX(I501,HIlSO) ,HXIISO)IBODYI10,2) 02900

C 02910

CSOCALCULATE WEIGHTFO AVERAGED TEMPERATURE ANn STORE IT IN TIIlPI) 02920

SUM ..0 02930

SUM2 - .0 02940

00 39 Ia-,ll 02950

SUM a SUM * CII)*T(II) 02960-

39 SUM2 • SUM2 * CIl) 02970

TIIIPI) a SUM/SUM? 02980

RLTURN 02990

END 03000

SUBROUTINE CHANGE INBODYTSECTAUTItlXNNN,NMNNIR,NIC)
DIMENSION HZNIl NII1II)N211) 01020

COMMON /BLKI/ T1150,CIISOICXI|SO)HISOIHXIISO).IBODYIi0.21 03030

COMMON /BLK2/ RADIIII),NODESIIO),XK'120),BETAI10)CPi20.RHCIZO),
2EMISStRHOZtCPZ,XKRZBOYRIII )IR110RIIO I5O),DRI0) ,AI9),ITBI11) 03050

C 03060

C J a NUMBER OF R'S WHICH ARE TFMP. OR TIME DEPENDENT 03070

C NIIJ)u RESISTOR NUMBER -- NIIJ) a J1 03080

C N2IJ|a RESISTOR TYPE 03090

C HZIJIm RESISTOR'S INITIAL VALUE 03100

C A - ARRAY CONTAINING COEFFICIENTS FOR FUNCTIONS, EXPONENTS ETC. 03110

C TSEC a CONVERSION FACTOR IREAL TIME IN SECONDS a TIMEX*TSECI 03120

C EXPOIx EXPONENT N WHERE H a HZOABSITIJLi - TIJI+I))**EXPOI 03130

c ITS a ARRAY CONTAINING TYPE KEY FOR ALL BOUNDARY RESISTORS 03140

c TYPE a I h x CONSTANT 03150

C TYPE a 2 M a HZ*F3ITIME) 03160

C TYPE a 3 H a HZ.IDTI**EXPO 03170

C TYPE a 4 M x MR * HC 03180

C TYPE a 5 M a MNiSPITIMEI -- FS IS A PERODIC RECTANGULAR WAVE 03190

C 03200

C STORE INITIAL VALUES AND DETERMINE WHICH RESISTORS ARE NOT OF TYPE 1 03210

NISIwNIB*l
NICIeNIC*1
IFINMNNEO. NICI NMNwO
If(TAUT.GT..OI GO TO 1 03220

"nWO 03230
NN?4O
NO a IFIXI AIM 1 03240
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N I4 IIIx I A( ) r , ,'%(
T I T I! I r)14,60

TlK Ill) 01? I n

t XPl1 I A( 1'i-C" 0 /'190
J : O #/'a 033100
IF II I II. f .lI I! I10 i" 0 - 03 Ito
J~ 0 'j 33?')

"N Ill I l 0110
'4/ti ) I M ( 0314()
111t i I-.l I 1 03350
tl, % I' I.,is,t ii i03lhO

I I I 1 t1i I 1 i I ID ('i Ill) 03 70
Ji J 1 0331do
'41J) = 1m l0i;Y1,) .e0 3 W
N/I I )I IT j lt t ) 0 41'00

H7I) I IX(IJI U34/0
s CoiNT IUt 01410

C 0344n
L..PO INT (4 FN TkY FOJR I IMF.CGT.it-twl -- CAICliLATI Nf tinY ItMPFRATURFS 045'n

C
C

T IMIý I AiT.T rfC
Till) Toile . # TI Mi cilAl * A 14TI sMF ) 034180

C 031490n
C**IF ALL P'% ARE CW'4STANTS RElTURN UTrH64Wi - itCALCiLiATE THOSE CHANGING OlsOr(n

IF(J.h•..f RI TU,4'i 0'1-ln
UTJ II I- IJ 0j o3%s
JI = P.1( 1 ) 0 0 530
UTEM. c AhSlTiJI)-TlJI])I 0454n
I F 1, T f Mi'. .. 0')L) I f MP= 1. 03550
m : N1I1i 0 3560
G, 01T C IIII. 1,13,14,15),M

12 iiX(JI = Will I*I . * AIls)SINIA16liTIMFl i 0t580
(t JO TO i 03590

13 tiA ( J I I ML II I UTTE P *i-. xPljl 05600
GU TO 1i 03610

14 TA T ti jI 1 460. 0361n
TI N IIJ|I.) * 4bO. 03630
HX(J1 ) Hk*k 1JiI *ITAO*S * TI*'2I*ITA , Tit) 03640

, # HI Ili i (s I 'P s* Fxplui 03650
GO TO II 03660

15 I-NMNi. V * N I ) H IJII- HIMi
IFINMNirT. NIS .ANO. NON.LI. NICI) HIJI) a Hill) * A(S)
Iflt ,N) N --1 03690
N a N s 1 03700
NimNNMNS i

I I CONIT INUE 03740
"N44il z N44 1 037S0
IFI IM iOINNI, IEI ).NE..0.OR.IJ.EQ.0)) 0 TURN 03160
OU ?1 l1leJ 03710
JI a N11 i O1l710

21 T(Illll ll a HIJI) 0 XKSRl / AI(JI n3190
414:TURN Oao00
END0 03810
SUBROUTINE EKKSIIiXKI
COMmnN /RLKI/ fllSO)ChllS0)CXlIS0IHltISHloXI15O).IolODYlIO1Z

IFITT-1471. 10, 10,919
10 XK-Ie.,0-.00n70*0T
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GO I11 2d)
14 XK: IU. 3)*,oO034•1* !T

10 CUNT I NUI
10 R E TURN

END 49L
ý,URROUTINE LINEARtIA,X,YoVV@I)
DIMI:NSIUN XK1O),Y?20)

I IFIYIIl1l .LT. Y(I)) 6O TO 100
C USE FOLLUWING IF AS Y INCREASES X INCREASES

10 IFIA-E(II l,2,2
C USE FOLLh)WING IF AS Y INCREASFS X DECREASES

LO0 IF(A-XK 11292t3
2 I=Io.

G0 Tn 1
3 12 -

VV:Y(I I IA-Il I'll /I XII I-Xl 1.13 .i ,'aI eA-El III ,Xi 1.1-KIll)

f NE)
5uwlROUTI'4E TGHG(TiflUTSfT0TS9AVý#HG)
ITS - T--_S

C RATIO = 3.268
IFITS .LT. 359.21 TTS = 359,2
AVGHG a .866YS6E-03 0 1lS ** 2 - .62?11 '? ITS 332.44
TOTS a .tl16224F-03 * ITS 2* . - .44965 * TS * 1606.35
AVGHG a AVGHG + .20 s AVGHG
TOTS a TOTS t .4U0 9 TiTS
RETUIRN
ENU
BLUCK DATA 0382n

C 03830
C*eINITIALIZATION OF LABELEn COMMON To DEFAULT VALUfS 03H40

COMMON /BLK1I TI150),C(l501,CXKi503,Hl|1'0ltHXISOtIlDODYII0,lI c))35n0
C

CUM14UN /BLK2/ RADIII1I3,N0015110),EK1120),BETAIIO3,CPI20OhRtiIUIO3

2EMISS,Rt'OlCP1,EKRL,8DYRII1,Iekt1'jO3,RI I(l'j03,ORIIO),A191,ITIII III 01870
DATA EMISS,RHO1,CPXKRIL,EXKZBETACP,IRHU/

C
2 lot 490.9.11. 10., 20*10.. l0*.0v?0*.11,20.490*0

C
I /INODES9T,80YR/10*S9 lo..149'. O|l1.O/,AtITB/6S.0,.2%?*O.l|lll/ 039O 0

END U 390n
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APPEHDIX C

Modified M60 Gun Barrel Design Data

/
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